This study uses a cointegration analysis and vector autoregressive models to investigate the transmission of stock price movements among Taiwan and its major trading partners, Hong Kong, Japan and the United States. The results of Johansen cointegration test indicate that four stock markets considered are cointegrated with one cointegrating vector, which violates the semi-strong form of the market efficiency hypothesis. The results from Granger-causality test based on error-correction models suggest the relative leading roles of the U.S. and Japanese markets in driving fluctuations in the other two markets. In order to capture the impacts of the economic shocks, two dummy variables are incorporated into the models taking into account the U.S. stock crash of October 1997 (D97) and the previous spreading Asian finance crises (Dac). The results indicate that D97 significantly affects the U.S. stock market, but shows no significant impact on the others. The Dac, however, shows significant impacts on both the Japanese and the U.S. markets. The robustness of the relative leading roles of the U.S. and Japanese markets are further supported by the variance decompositions and impulsive response functions indicators. The Taiwan and Hong Kong markets are somewhat affected more by regional countries such as Japan than by the U.S.
Introduction
Over the past two decades, the globalization of international stock markets have generated a large number of studies on international stock market relationships, especially since the stock crash of 1987. However, previous studies focus most on the earlier 1980s' and 1990s' sample periods. This study represents our attempt to re-investigate the transmission of stock price movements among Taiwan and its major trading partners, Hong Kong, Japan, and the United States, using more recent daily data. The main reason for us to choose these countries is that the share of exports and imports from Taiwan to these three countries were relatively high. Table 1 shows that the total volume of exports and imports are about 43% and 53%, respectively, at the end of 1997. According to international capital-goods trade hypothesis, the presence of international trade in real capital goods could lead to a reallocation of these goods such that the real marginal product of capital would be equated internationally. Because stock prices are related to the real marginal product of capital, the stock prices in the different countries would tend to exhibit a common movement in the long run even though some or all of the stock markets remained financially segmented from each other. 1 Therefore, it is interesting for us to investigate the transmission of stock price movements among these four countries. Among the related literature, Eun and Shim (1989) , King and Wadhwani (1990) , Koch and Koch (1991) , and Chowdhury more recent daily data to re-investigate the transmission of stock price movements among Taiwan and its major trading partners, and that we employ the more advanced time-series techniques, including unit root test (ADF and PP tests), Johansen multivariate cointegration test, error-correction models (ECM), variance decomposition (VDC), and impulse response functions (IRF) to fully investigate the dynamic relationships among the stock markets considered.
We first examine how these four stock markets are correlated with each other. Correlation matrices for these four stock price index (log) changes indicate that all the correlations are positive and significant with the exception of Taiwan-U.S. markets which are negative and insignificant. The highest contemporaneous correlation with other markets is shown by the Hong Kong-Japan markets (0.386), while the lowest is shown by the Taiwan-U.S. markets (−0.019). Causal observation suggests that each stock price series appears to be nonstationary and that these four national stock price series tend to move more or less together over time, a result which is confirmed through the use of unit root and cointegration techniques. The results of Johansen multivariate cointegration test indicate that these four stock markets are cointegrated with one cointegrating vector. The main implication for this finding is that the EMH (Efficiency Market Hypothesis) is violated in this multivariate context and the investors may not yield portfolio diversification from these four markets in the long run. A similar conclusion was reached by Masih and Masih (1997) . The results from Granger-causality tests based on error-correction models (ECM) suggest the relative leading roles of the U.S. and Japanese markets in driving fluctuations in the other two markets. For investigating the impact of the U.S. stock crash of October 1997 and the previous spreading Asian finance crisis on these markets, two dummy variables are incorporated into the models taking into account the U.S. stock crash of October 1997 (D97) and the previous spreading Asian finance crisis (Dac). The results indicate that D97 only significantly affects the U.S. stock market and this impact spreads out to the other three markets but shows no significant impact on them. On the other hand, the Dac shows significant impact on both the Japanese and the U.S. markets. Furthermore, we also incorporate the variance decompositions and impulsive response functions into this study. The results further support the relative leading roles of the U.S. and Japanese markets. However, the Taiwan and Hong Kong markets are somewhat affected more by regional countries such as Japan than by the U.S., a result that is mostly consistent with evidence provided by Ko and Lee (1991) and Liu, Pan and Shieh (1998) . This paper is organized as follows. The following section provides a brief review of previous empirical research in this area and the methodology used. Then the data set is described and the empirical results are outlined. Finally, conclusions are presented.
Methodology

Unit root tests
In order to avoid the "spurious regression", the series have to be carefully examined for "stationarity". 2 Since the non-stationary regressors invalidate many standard empirical results, econometrists thus developed a testing method the so-called "unit-root" test, for examining the stationarity of time series. The evidence from several empirical studies has found that many macroeconomic and financial time series, including stock price series, contain unit roots dominated by stochastic trends. 3 Several tests for the presence of unit roots in time-series data have appeared in the literature [e.g., Dickey and Fuller (1979, 1981) , Phillips and Perron (1988) , and Kwiatowski et al. (1992) ].
Since Schwert (1989) compared several unit-root tests and argued that the ADF test by Dickey and Fuller (1981) with long lags is superior to the others, this paper first employs the ADF test for testing the stationarity of each series. Based on the model selecting procedure suggested by Doldado, Jenkinson, and Sosvilla-Rivero (1990) , the appropriate model selected for all the series is the one including a drift and a time trend, which is presented as the following equation:
The null hypothesis for the ADF test is: H 0 : δ = 0, with the alternative H 1 : −2 < δ < 0. An appropriate lag length has to be pre-designated since the estimation might be biased if the lag length is not rigorously determined. This paper follows the suggestion by Reimers (1992) using Schwartz Bayesian Criterion (SBC) to select the appropriate lag length.
2 Granger and Newbold (1974) have found by simulation that the F-statistic calculated from the regression involving the non-stationary time-series data does not follow the standard distribution. The findings of significant t and R 2 , and lower DW value will invalidate the results of the traditional OLS regression method.
3 See: Nelson and Plosser (1982) and Lee and Jeon (1995) .
For robustness, we also perform Phillips-Perron (PP) (1988) test for testing the stationarity of four series considered. The PP test is more persuasive to a large number of specifications of serial correlation and time-dependent heteroskedasticity in the error term.
Cointegration tests
Given unit roots, the issue arises whether there exists a long-run equilibrium relationship among stock price series. This long-run equilibrium relationship is referred to in the literature as cointegration. According to Engle and Granger (1987) , a set of variables, Y t is said to be cointegrated of order
. The finding that a set of variables is cointegrated has important implications for the dynamic modeling of such variables. Engle and Granger (1987) point out that a vector autoregressive (VAR) in first differences will be misspecified because first differencing of all the nonstationary variables impose too many unit roots and any potentially important long-term relationship between the variables will be obscured. Therefore, they suggest an ECM instead of a first differencing VAR model to capture the correct conclusions.
From the argument by Kremers, Erisccos and Dolado (1992) and the findings of the comparison among five cointegration estimations by Gonzalo (1994) , we employ the most powerful methodology of Johansen maximum likelihood cointegration test. 4 Following Johansen methodologies, we construct a p-dimensional (4 × 1) VAR model with Gaussian errors, which can be expressed by its firstdifferenced ECM as:
where Y t are stock price series studied, ε t is a white-noise disturbance ∼ N (0, σ).
The testing hypothesis is formulated as the restriction for the reduced rank of Π, H 0 (r): Π = αβ for the reduced form ECM. The Π matrix conveys information about the long-run relationship between Y t variables, and the rank of Π is the number of linearly independent and stationary linear combination of stock price series studied. α and β are both 4 × r matrices, and represent the speed of the adjustment parameter and cointegrating vector, respectively.
The likelihood ratio test statistic for the hypothesis with at most r cointegrating vector (i.e., H(r):
whereλ r+1 . . . ,λ p are the estimated p − r smallest eigenvalues. It is well known that the cointegration tests are very sensitive to the choice of lag length. According to Reimers (1992) , we still use the SBC to select the number of lags required in the cointegration test.
Causality tests based on ECM
Granger (1988) points out that if there exists a cointegration vector among stock price series, there must be causality among these stock price series at least in one direction. Granger (1988) provide a test of causality which takes into account the information provided by the cointegrated properties of variables. This model is referred to the literature as an ECM.
where Y it denotes stock price index series for Taiwan and its trading partners, Hong Kong, Japan, and the U.S. β Zt − 1 contains r cointegrating terms, reflecting the long-run equilibrium relationship among these four stock markets.
For investigating the impact of the U.S. stock crash of October 1997 and the previous spreading Asian financial crisis on these markets, two dummy variables, D97 and Dac, are incorporated into this model. From this system, the Granger-causality tests are examined by testing whether all the coefficients of Y 1,t−1 , ∆Y 2,t−1 , ∆Y 3,t−1 , and Y 4,t−1 are statistically different from zero as a group based on a standard F-test and/or the β's coefficient of error-correction term is also significant. Since the Granger-causality tests are very sensitive to the lag length selection, this study uses Hsiao's (1979 Hsiao's ( , 1981 sequential procedure based on the Granger definition of causality and Akaike's (1974) minimum final prediction error (FPE) criterion to determine the lag lengths. This procedure is known as the stepwise Granger-causality technique, which provides a statistical criterion for choosing the optimum lag length using past information. 6 The FPE criterion is specified as follows:
where T is the number of observations, k is the number of arameters estimated, and SSR is the sum of squared residuals. Hsiao (1981) points out that "the FPE criterion balances the risk due to the bias when a lower order is selected and the risk due to the increase of variance when a higher order is selected, and choosing the order of the lags by minimum FPE is equivalent to applying an approximate F test with varying significance levels." However, if these four stock price series are found to hold no cointegration, we should analyze the intertemporal causality among these four stock markets as in Eq. (4) without the error-correction term.
Impulse response function and variance decomposition
Since the estimated coefficients of a VAR are difficult to interpret, we need to look at the impulse response functions and variance decompositions of system to draw conclusions. An impulse response function (IRF) traces the response of one market to a change in one of the market's innovations. This function enables us to characterize the dynamic interactions among markets, and observe the speed of adjustment of markets in the system. For example, IRFs show the expected responses of market i to a typical change in market j. A variance decomposition measures the percentage of a market's forecast error variance that occurs as a result of a shock from a market in the system. Sims (1982) notes that if a variable is truly exogenous with respect to the other variables in the system, its own innovations would explain all of the variable's forecast error variance. Following Sims (1980) and Hamilton (1994) , a p-dimensional (4 × 1) vector autoregressive model with kth order can be expressed as
where ε t is a 4 × 1 vector of disturbances and α is also a 4 × 1 vector of constants. The A i are 4×4 matrices that are determined by the orthogonality conditions as E[ε t ] = 0 and E[ε t |Y t−i ] = 04 × 4 for i = 1, 2, . . . k. We can rewrite equation (5) in terms of the innovations which is the vector moving representation (VMA).
where α' is a 4×1 vector of constants and Ci is a 4×4 matrix with C 0 = I p . In order to construct a moving average representation with disturbance process that is orthogonal contemporaneously as well as at all lags, we make the following transformation for ε t such that ε t = F u t , where F is a 4 × 4 lower triangular matrix. Then a moving representation in terms of orthogonal innovations at all lags is given by
where D i = C i F . This is the Choleski decomposition of the ut vector. Hence any choice of u t = F −1 ε t that makes E[u t u t ] = F ΣF −1 diagonal can be utilized to derive a moving average representation in terms of an innovation process that is orthogonal contemporaneously at all lags and leads. Equation (7) can then be used to derive the impulse response functions. From Eqs. (6) and (7) the k-step-ahead errors in forecast Y t from its own past is given by:
The variance-covariance matrix of the k-step-ahead forecast errors is given by the following expression
The diagonal terms of Eq. (9) give the decompositions of the variance of k-step-ahead forecast errors into the parts attributable to shocks in the n components of u t . King et al. (1991) point out that as there are more than one common trend in the models, different ordering of the variables may affect the results of impulse responses and variance decompositions if the common trends are not absolutely uncorrelated. 7 In this paper, the presumed exogenous orderings are adopted from the previous findings of the Granger causality tests based on ECM.
Data
Our empirical analysis employs daily data on stock price indexes for Taiwan and its major trading partners, Japan, Hong Kong, and the United States over the period of January 2, 1997 to April 30, 1998. Figure 1 contains plots of the observed stock price indexes for these four countries. The representative indexes used in the analysis are shown in Table 2 . The daily closing price indices are collected from the Taiwan Stock Exchange and the ARE-MOS of the Ministry of Education, Taiwan. All the indexes are based on local currencies. In order to take care of the data gap caused by public holidays and other non-working days, the time series data in this study, following Chowdury (1994), have been adjusted by dropping some entries, including the Saturday entries, to guarantee that each country has an entry on a given date. The total number of observations for each country is 371. All series are measured in natural logs. Causal observation suggests that each stock price series 7 Stock and Watson (1988) show that cointegrated variables are driven by common trends. That is, for a set of p integrated variables, if they share r cointegrating relationships, there must exist k = p − r stochastica trends driving the co-movements of the cointegrated variables. appears to be non-stationary and that these four national stock price indexes tend to move more or less together over time, a result which is later confirmed through the use of cointegration technique.
Empirical Results
Correlation coefficients among stock market index returns
We first examine how these four stock markets are correlated with each other. Table 3 reports the summary statistics and correlation matrices for these four stock market index returns (or the log price changes). The market's average daily index returns are 0.05%, −0.07%, −0.06%, and 0.09%, respectively, for Taiwan, Hong Kong, Japan, and the U.S. markets. These results indicate that the U.S. market has the highest average daily returns 0f 0.09% and the Hong Kong market has the lowest average daily returns of −0.07% over this sample period. Regarding the standard deviation, we find the market's daily standard deviation are 1.47%, 2.56%, 1.59%, and 1.07%, respectively, for Taiwan, Hong Kong, Japan, and the U.S. markets. These results indicate that the Hong Kong market has the highest daily standard deviation of 2.56% and the U.S. market has the lowest standard deviation of 1.07% over this sample period. Note:
1. TN, HK, JP, and US are the abbreviations for Taiwan, Hong Kong, Japan, and the US, respectively.
2. ∆ implies the first differencing.
3.
* indicates significance at the 5% level.
statistic (larger than three) suggests that the underlying data is leptokurtic, or heavily tailed and sharply peaked about the mean when compared with the normal distribution. The Jarque-Bera test also leads to rejection of normality on these four markets' daily returns data set.
Regarding the correlation matrix, we find that all the correlations are positive and significant with the exception of Taiwan and the U.S. markets is negative and insignificant. The highest contemporaneous correlation with other markets is shown by the Hong Kong and Japanese markets, while the lowest is shown by the Taiwan and U.S. markets.
Unit root tests of national stock price indices
A necessary but not sufficient condition for cointegration is that each of the stock price index series should be integrated of the same order. [or I(1), see Granger (1986) and Masih and Masih (1997) ]. Panel A of Table 4 reports the results of non-stationary tests for Taiwan, Hong Kong, Japan and the U.S. stock price indexes by using augmented Dickey-Fuller tests (ADF test) . According to the applicable test statistics reported by Mackinnon (1991), non-stationarity cannot be rejected for the levels of each stock price series at the 5-percent significance level based on ADF test. In contrast, when the data are differenced, non-stationarity can be rejected for all data series. These results imply that each stock price series are integrated of order one (or I(1)). Table 4 also reports the appropriate order of the autoregressive process, n, in Eq. (1). The results from the PP test, as shown in Panel B of Table 4 , further confirm the ADF test indicating all the stock price series are integrated of order one. Note:
1. The number in the parenthesis indicates the appropriate lag length of the model.
2. The number in the bracket indicate the lag truncation for Bartlett kernel suggested by Newey-West test (1987) .
Cointegration tests
Given that the four stock price index series are integrated of order one, the next stage in our study is to test for the presence of cointegration in our four-market VAR model. A VAR model is first fit to the data to find an appropriate lag structure. The SBC suggests six lags for our four-market VAR model. Table 5 presents the results from the Johansen (1988) and Johansen and Juselius (1990) multivariate cointegration tests. Trace statistics and Lmax statistics both suggest that there exists one cointegrating vector among these four stock markets. As Lee and Jeon (1995) argued that the more cointegrating vectors (i.e., the less common trends) there are in the system, the more stable in the system. The finding of only one cointegrating vector (i.e., Note:
1. The computed Ljung-Box Q-statistics indicate that the residuals are white noise.
2.
* indicates singnificance at the 5% level.
3. Schwartz Bayesian Criterion (SBC) was used to select the number of lags required in the cointegrating test. The lag length is found to be 6 for all the four stock indices.
three common trends in our study) among these four markets suggests that the long-run equilibrium relationship may not be very stringent compared to the case of more than one cointegrating vector. This also explains the rather loose comovements of these four national stock price index series as shown in Figure 1 . Our finding of cointegration is quite compatible with the findings of Lee and Jeon (1995) , Arshanapalli, Dukas and Lang (1995) , Hassan and Naka (1996) , and Masih and Masih (1997) . The multivariate cointegration result provides important implications. Since these four markets are cointegrated, the combination of these markets may not yield international portfolio diversification in the long-run. These results may be used to argue for and against the international stock market efficiency. According to the recent cointegration literature, [e.g., MacDonald and Taylor (1989) ], asset prices from two different efficient markets cannot be cointegrated. Specifically, if a pair of stock prices is cointegrated, one stock price can be forecast (is Granger-caused) by the other. The finding of the cointegrated relations in our multivariate context violates the semi-strong form of the market efficiency hypothesis (MEH).
Causality test results based on error-correction models
Given the results of the cointegration tests, the causality tests are conducted by using ECMs to test for intertemporal causality among four stock markets considered. Table 6 reports the statistical analysis based on ECM on the causal relationships among these four stock markets using Hsiao's stepwise Granger-causality technique. The number in the brackets indicates the lag length selected by using the FPE criterion. The findings are that 1. The number in the parenthesis indicates the lag length selected by using the FPE criterion.
This Granger causality test employs Hsiao's (1981) stepwise technique.
unidirectional causality running from the U.S. market to the other three markets, Taiwan, Hong Kong, and Japan, and from the Japanese market to Taiwan and Hong Kong markets. These results suggest the relative leading roles of the U.S. and Japanese markets in driving fluctuations in the other two markets. Our results are consistent with those found in Chowdhury (1994) , Hassan and Naka (1996) , and Masih and Masih (1997) suggesting the relative leading roles of the U.S. and Japanese markets. However, these results are not consistent with those found in Arshapanapalli and Doukas (1993) and Elaysiani, Perera and Puri (1998) suggesting no leading roles of the U.S. and Japanese markets. These studies do not find any interaction between the U.S. and Japanese markets. In order to capture the impact of the U.S. stock crash of October 1997 and the previous spreading Asian finance crisis on these markets, two dummy variables-D97 and Dac-are incorporated into the models. The results indicate that D97 only significantly affects the U.S. stock market and this impact does spread out to the other three markets but shows no significant impact on them. On the other hand, the Dac shows significant impacts on both the Japanese market (showing negative and significant) and the U.S. market (showing positive and significant). Moreover, the Dac shows negative effect, but not significantly, on the Taiwan and Hong Kong markets.
Variance Decompositions (VDC ) and Impulse Response Function (IRF )
We mentioned earlier that as there are more than one common trend in the models, different ordering of the variables may affect the results of IRF and VDC if the common trends are not absolutely uncorrelated. In this paper, the presumed exogenous orderings are adopted from the previous findings of the Granger causality tests based on ECM. 8 The VDCs are generated by disturbing each variable in the estimated system by one standard deviation. Given this disturbance, the forecast error variance of any variable is decomposed into the proportion attributed to each of the random shocks. VDC, therefore, shows the proportion of forecast error variance for each variable that is attribute to its own innovations and to shocks to the other variables. It captures both direct and indirect effects. Table 7 shows the VDCs (up to ten days) for the model used in this paper. 9 Several conclusions can be obtained by the VDC results as shown in Table 7 . We first find that each forecast error variance of the four stock indices is accounted for by its own innovations. Secondly, innovations in both the US and Japanese stock markets lead to fluctuations in the stock market of Hong Kong. On the other hand, the forecast error variance of Japanese stock market is only explained by the shocks to the US stock market. This result is contrary to the results reported in both Arshanapalli and Doukas (1993) and Chowdhury (1994) , but is consistent with those found in Eun and Shim (1989) and Liu, Pan and Shieh (1998) . 10 Thirdly, the fluctuation in the Taiwan's stock market is not significantly described by any of the major markets considered in this study (only minor explaining powers are found by the Japan and the US stock markets). One justification for this finding is that the Taiwan market still has some restrictions on cross-country investing. These results are consistent with those found in Chowdhury (1994) and Liu, Pan and Shieh (1998) indicating Taiwan is the least interactive market. Fourthly, the results further suggest the relative leading roles of the US and Japanese markets. These results are consistent with those found in Chowdhury (1994) , Hassan and Naka (1996) , Masih and Masih (1997) , and Liu, Pan and Shieh (1998) , but are not consistent with those found in Elaysiani Perera and Puri (1998). The final finding from the VDC analysis is that the Taiwan and Hong Kong markets are somewhat affected more by regional country such as Japan than by the US, a result that is mostly consistent with evidence provided by Ko and Lee (1991) and Liu, Pan and Shieh (1998) . Similar to the previous VDC analysis, IRF provides the dynamic response of each variable to innovations of this variable as well as of other variables included in the system. In other words, the IRF portrays the extent in which the shock of one market is transitory (or persistent) in terms of its effect on the other market in the system in addition to the market itself. The results of IRF can be described by the IRF diagrams as shown in Figure 2 to Figure 17 . The IRF diagrams show that the US stock market does not respond to shocks to any of the other markets in the system. This result is consistent with our earlier findings that the US stock market is relatively exogeneous in the system. On the other hand, a one-standard deviation shock to the U.S. stock market is rapidly transmitted to both the Japanese and Hong Kong stock markets. For Japanese and Hong Kong stock markets, the significant peak effect of a shock to the US market occurs on the second day and remains relatively high and significant on the fifth day. Because of that the Japanese and Hong Kong stock markets close when the US stock market starts to trade as, they are both expected to react to a shock to the US market with a oneday lag. Our results are similar to those reported in Eun and Shim (1989) and Chowdhury (1994) for the Hong Kong market. However, the effect tapers off after the fifth day for both markets. These results indicate that these two markets are somewhat sluggish in their response to a shock to the US market since the markets continue to reach noticeably through the second, the third, and the fourth days. The diagrams also show that shocks to the Taiwan and Hong Kong stock markets is not significantly influential to the Japanese stock market. Moreover, shocks to the US and the Japanese stock markets are not rapidly transmitted to the Taiwan stock market. The effect of shocks to the US and the Japanese stock markets on Taiwan stock market is significant at the third day and the eighth day, respectively. A shock to the Japanese stock market has a larger initial impact on the Hong Kong stock market than a shock to the Taiwan stock market. Finally, IRF diagrams find that a shock to the Japanese stock market is rapidly transmitted to the Hong Kong stock market and this shock never tapers off after the tenth day. This result indicates that the transmission of information between Japanese and Hong Kong markets is relatively inefficient. This result is consistent with our earlier cointegration tests result indicating that these two markets do not drift apart in the long run. However, the response of Hong Kong market to a shock to the Taiwan market fluctuates around zero (or tapers off) after the first day. This opposes the previous result and implies that the transmission of information between these two markets is relatively efficient.
Conclusion
The purpose of this study is to employ a sequence of time-series methodologies, including cointegration analysis, Granger causality test based on ECM, and VDC and IRF, to fully investigate the transmission of stock price movements among Taiwan and its major trading partners, Hong Kong, Japan and the United States. The daily data sets for all the stock indices are running from January 3, 1997 to April 30, 1998. The Johansen maximum likelihood cointegration tests find that the four stock markets considered are cointegrated with one cointegrating vector. This result has an implication in that the semi-strong form of the market efficiency hypothesis is violated in our multivariate context. The investors cannot yield portfolio diversification for the investment decision based on choosing these four countries as their investment markets in the long run. Similar conclusions were reached by Kwan, Sim and Cotsomitis (1995) and Masih and Masih (1997) . The results from Granger-causality test based on ECM suggest the relative leading roles of the U.S. and Japanese markets in driving fluctuations in the other two markets. Two dummies in the models taking into account the U.S. stock crash of October 1997 (D97) and the previous spreading Asian finance crises (Dac) indicate that D97 significantly affects the U.S. stock market only. This
